The reliability of settlement analyses depends on the selection of realistic input parameters. The tangent modulus method is proposed for the settlement analysis of uncompacted and compacted sand. The tangent modulus can be estimated based on the appropriate modulus number and corresponding stress exponents. Four concepts are presented, based on whether the modulus number is estimated from laboratory tests, empirical values or in situ tests (cone penetration tests and flat dilatometer tests). From the increase in horizontal stress following compaction, it is possible to estimate the overconsolidation ratio. A case history is presented to illustrate application of the proposed concepts.
The reliability of settlement analyses depends on the selection of realistic input parameters. The tangent modulus method is proposed for the settlement analysis of uncompacted and compacted sand. The tangent modulus can be estimated based on the appropriate modulus number and corresponding stress exponents. Four concepts are presented, based on whether the modulus number is estimated from laboratory tests, empirical values or in situ tests (cone penetration tests and flat dilatometer tests). From the increase in horizontal stress following compaction, it is possible to estimate the overconsolidation ratio. A case history is presented to illustrate application of the proposed concepts.
Notation
A net area ratio a empirical modulus modifier C M cone stress adjustment factor E D dilatometer modulus e void ratio f s sleeve resistance f s0 sleeve resistance before compaction f s1 sleeve resistance after compaction I DM material index j stress exponent j u stress exponent unloading K 0 , K 00 at-rest earth stress coefficient for normally consolidated sand K 1 , K 01 at-rest earth stress coefficient (overconsolidated) K D horizontal stress index K D1 , K D,bef horizontal stress index before compaction K D2 , K D,aft horizontal stress index after compaction M vertical, drained, constrained modulus M t tangent modulus m modulus number m r re-loading modulus number m u modulus number for unloading p 0 pressure applied at start of flat dilatometer test (DMT) expansion p 1 pressure applied at end of DMT expansion q c cone stress q cM stress-adjusted cone stress q t cone stress adjusted for pore water pressure on the cone shoulder R M correction factor based on empirical data u pore water pressure u 0 hydrostatic pore water pressure β exponent determined from laboratory tests ε strain σ r reference stress = 100 kPa σ′ m mean effective stress σ′ v vertical effective stress σ′ v0 vertical effective stress prior to loading σ′ v1 vertical effective stress after loading ϕ′ effective friction angle ϕ′ 0 friction angle before compaction ϕ′ 1 friction angle after compaction
Introduction
Deep compaction is often performed with the aim of reducing total and differential settlement and to remedy liquefaction susceptibility. With regard to settlement, however, the geotechnical literature lacks practice-oriented guidance on how to calculate settlement in sand for conditions prior to and after compaction in order to determine whether compaction is necessary and, if so, to what degree. Moreover, compaction requirements are frequently stated in ambiguous terms, such as requiring a minimum density index (formerly termed 'relative density'), which cannot be directly correlated to settlement or applied to a settlement analysis. The density index is sometimes derived from results of an in situ test -for example, a cone penetration test (CPT) or a standard penetration testand several correlations exist for converting penetration
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Cite this article Massarsch KR and Fellenius BH (2019) In situ tests for settlement design of compacted sand. 207-217, https://doi.org/10.1680/jgeen.18.00046 resistance to density index. However, such correlations are limited to provide qualitative results, such as 'loose, very dense' and so on, and should not be used as input to calculations.
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The main challenge in calculating the settlement of compacted sand lies in the selection of relevant input soil parameters, such as compressibility (stiffness) and stress conditions (preconsolidation stress and overconsolidation ratio (OCR)). The inability of designers to assess sand settlement reliably can be considered one of the principal limitations of the costefficient application of deep compaction of granular soils.
It is important to appreciate that acceptance limits for total and differential settlement can be satisfied by a multitude of compaction specifications. Thus, prescribing compaction requirements in terms of a single condition (e.g. density index, minimum penetration resistance, etc.) should be avoided as they may not be suitable and may even increase project costs. In addition, such requirements restrict the options of a specialist foundation contractor to apply innovative, more economical compaction solutions (equipment and processes).
This paper addresses how settlement can be analysed by the tangent modulus method, which -in the authors' opinion -is a transparent concept and the most suitable method for calculating the settlement of uncompacted and compacted granular soils such as silt, sand and gravel. The analysis makes use of input data based on CPT or flat dilatometer test (DMT) records.
The tangent modulus method
Reliable methods for characterising the compressibility of soils have been available for a long time, such as the generally applicable tangent modulus method first proposed by Ohde (1951) and Janbu (1963) for settlement analyses. The method is described in the second and third editions of the Canadian Foundation Engineering Manual (CGS 1985 (CGS , 1992 but, regrettably, is not included in the fourth edition (CGS, 2006) . Unfortunately, the method is not widely known and is therefore rarely applied in practice.
The tangent modulus is the ratio between a change of stress and the change of strain induced by that stress change, as defined by
where M t is the tangent modulus, Δσ is the change of stress, Δε is the change of strain, m is the modulus number (dimensionless), σ r is the reference stress (equal to 100 kPa), σ′ v is the vertical effective stress and j is the stress exponent.
Integrating Equation 1 yields the following general relationship for determining the strain, ε, of a soil layer resulting from an increase of stress.
2:
Here, σ′ v0 is the vertical effective stress prior to loading and σ′ v1 is the vertical effective stress after loading.
The most important aspect of the tangent modulus concept is the selection of realistic input parameters, namely the stress exponent j and the virgin and re-loading modulus numbers m and m r , respectively. The re-loading modulus number m r applies to a stress increase in the overconsolidated condition. An important consideration when analysing settlement in sand fill is that, prior to compaction, it can be assumed that the untreated soil deposit is normally consolidated. This assumption, which is conservative, simplifies the understanding of how soil properties and stress conditions change due to vibratory compaction.
Stress exponent
The stress exponent j in Equation 1 defines the shape (curvature) of the load-compression relation and is based on soil type and stress conditions, which are relatively easy to estimate. For dense sand and gravel or glacial tills (overconsolidated soils), the stress exponent is usually 1·0, which indicates a linear response (elastic) to load. For loose silt and sand, j is typically 0·5, but decreases with decreasing grain size. Although j goes towards a value of 0·25 in silty soils, in practice it is usually satisfactory to assume j = 0·5 (n.b. for normally consolidated condition).
3.1
Uncompacted, loose to medium dense sand: j = 0·5 Uncompacted loose and medium dense (compact) sand can be assumed to be normally consolidated, with a stress exponent j = 0·5. Substituting j = 0·5 into Equation 2 yields Equation 3. Note that Equation 3 requires the stress to be input in units of kPa, as kPa was chosen as the unit of the reference stress σ r (100 kPa).
It is important to appreciate that the deformation modulus of sandy soils according to Equation 3 is non-linear.
3.2
Dense sand: j = 1 In dense (compacted) and very dense sand, the stress exponent j = 1, which means that the soil response is essentially linearelastic. Then, inserting j = 1 and σ r = 100 kPa in Equation 2 yields Equation 4 (noting, again, that the stress input must be in kPa because the reference stress is in kPa).
4:
ε
Modulus number
The most challenging aspect of estimating settlement is the selection of realistic values of soil stiffness (compressibility), that is, the modulus number m. Four approaches can be employed to determine the modulus number of coarse-grained (sandy and gravelly) soils These four alternative procedures are now discussed in turn.
Modulus number from laboratory tests
As it is generally difficult to perform laboratory tests on undisturbed sand samples, the selection of the modulus number must be determined from reconstituted soil samples. Table 1 shows the relationship between different geotechnical parameters (soil type, d 50 /d 10 , d 10 and void ratio e) from laboratory tests, as presented by Ohde (1951) . Note that Ohde (1951) used the ratio d 50 /d 10 , which is slightly different to C u (d 60 /d 10 ). The test data reported by Ohde (1951) serve as guidance only, as the modulus numbers in loading (first loading, virgin condition) were back-calculated for different values of j.
The modulus numbers and stress exponents were also determined for the case of unloading and showed values about 1·5-7·5 times larger than the modulus numbers backcalculated for virgin loading.
4.2
Modulus number from empirical data Based on data presented by Janbu (1963) , values for m and j according to soil type of coarse-grained soil were published in the Canadian Foundation Engineering Manual (CGS, 1985 (CGS, , 1992 . Table 2 shows the typical range and average value of m for two cases of the stress exponent (0·5 and 1·0) as relevant to soil type.
In more recent work, Janbu (1985) updated typical values of the modulus number m for normally consolidated silt and sand ( j = 0·5), categories that are of interest with regard to settlement analyses for soil compaction. Janbu (1985) presented the modulus number as a function of porosity n, herein converted to the more widely used void ratio e. Figure 1 shows Figure 1 . Typical modulus numbers for normally consolidated sand and silt with upper and lower boundaries for silt (lower heavy line) and sand (upper heavy line) (cf. Table 2 ). Data derived from Janbu (1985) the modulus number derived by Janbu (1985) as a function of void ratio for silt and sand and different degrees of density. Also indicated in the figure is the approximate range (and lower/upper boundaries) of modulus numbers for the respective soil category (sand and silt) according to the classification used in Table 2 .
The range of modulus numbers shown in Figure 1 is considered the most reliable, empirical database for soil compaction projects and is in good agreement with previously published empirical data (cf. Table 2 ).
Modulus number from CPTs
The CPT -and variations thereof, such as the CPTU (with pore water pressure measurement) or the SCPT (with seismic downhole test) -is today the most widely used field investigation method on sand compaction projects. The CPT is standardised, thereby reducing the risk that equipment and operation affect the measured parameters (ISO, 2012; ISSMGE, 1999) . Other field investigation methods are heavy dynamic probing, the standard penetration test or the DMT. The CPT has the advantage of generating geotechnical information at low cost in most soils suitable for compaction. An additional important advantage of the CPTU is that it measures three independent parametersthe cone stress q c , sleeve resistance f s and pore water pressure u. As will be demonstrated in this paper, the benefit of repeatable and accurate measurements of q c and f s is the key to the successful design of sand compaction projects, particularly in hydraulic fills. The measured cone stress q c is usually corrected for pore water pressure u using 5:
where q t is the cone stress adjusted for pore water pressure on the cone shoulder and A is the net area ratio.
In sandy soils, the pore water pressure will be low compared with the measured cone stress; thus, it can be assumed that q c ≈ q t . Therefore, q c will be used subsequently.
The method relies on knowledge of the mean effective stress, expressed by
where σ′ m is the mean effective stress, σ′ v is the vertical effective stress and K 0 is the at-rest earth stress coefficient.
For uncompacted (normally consolidated) sand, K 0 can be estimated from the simplified relationship proposed by Jáky (1948) 7:
where ϕ′ is the effective friction angle. A typical value of K 0 for uncompacted sand (ϕ′ ≈ 33°) would be 0·43. In overconsolidated granular soils, it is necessary to estimate the effective horizontal stress based on empirical correlations or engineering judgement. The cone stress is influenced by depth and, thus, by the effective confining stress. Massarsch (1994) proposed a stress adjustment factor (C M ) to take into account the effect of mean effective stress σ′ m on the cone stress measured in sandy soils. This stress adjustment factor is given by 8:
where C M ≤ 2·5, σ r is the reference stress (= 100 kPa) and σ′ m is the mean effective stress.
The stress-adjusted cone stress q cM can now be calculated as 9:
The stress-adjusted cone stress q cM is independent of depth, which is very useful for geotechnical design of uncompacted and compacted fill, as will be demonstrated later. Massarsch (1994) proposed correlating the modulus number for granular soils with the stress-adjusted cone stress using
where a is an empirical modulus modifier. The modulus modifier a reflects soil type and varies within a relatively narrow range for each soil category, as indicated in Table 3 .
Substituting Equations 6 and 9 into Equation 10 yields 
For normally consolidated soil with K 0 ranging between 0·4 and 0·6, the numerical value of the term [3/(1 + 2K 0 )] 0·5 is between 1·29 and 1·17. That term can be approximated by setting it equal to the mean of the range (i.e. 1·23), resulting in the following simple relationship for estimating the modulus number in loose and medium dense (compact) sand.
12:
In heavily compacted sand, K 0 can increase beyond 1 and, in that case, Equation 10 should be used rather than Equation 12.
An important advantage of determining the modulus number from Equations 10, 11 or 12 is that CPT data are normally available for compaction projects, both prior to and after compaction. The cone stress reflects the variation of soil stiffness with depth more accurately than simple classification concepts based on soil type (cf . Table 3 ) and the improvement effect of compaction is reflected more realistically by the increase in stress-adjusted cone stress q cM (Equation 9) than by the unadjusted q c . The change in stress-adjusted cone resistance due to compaction can be considered a more reliable indicator of the increase in soil modulus than selection of empirical values.
As a result of soil compaction, sand becomes generally overconsolidated and deformation properties change from the normally consolidated state ( j = 0·5) to the overconsolidated state ( j = 1). The modulus number for the portion of the applied stress that lies in the overconsolidated stress range is much larger than that in the virgin range.
Ohde (1951) presented values of the modulus number for sand in virgin loading and in unloading, and indicated that the ratio m u /m varied between about 2 to 6. The ratio m u /m can be taken as a lower boundary value of the ratio m r /m between the re-loading modulus m r and the virgin modulus m.
4.4
Modulus number from DMT records Another in situ test suitable for evaluation of soil compaction projects is the DMT, which is a relatively recent field testing addition. Guidelines for DMT equipment and application techniques have been issued by ISSMGE Technical Committee 16 (Marchetti et al., 2001) . For a detailed description of the DMT, recent developments in data interpretation and practical application of results, readers are referred to the geotechnical literature (e.g. the proceedings of the third DMT conference (Marchetti, 2015) ).
The test procedure involves advancing the dilatometer blade into the ground. Readings are taken at depth intervals of 200 mm by inflating a membrane and taking pressure readings.
These 'raw' pressure readings are corrected and subsequently converted into two pressure values, p 0 and p 1 . A key characteristic that distinguishes the DMT from other in situ methods is its ability to measure parameters that reflect the stress conditions in the horizontal direction. From the derived p 0 and p 1 values, the following DMT index parameters are calculated.
13:
15:
Here, I DM is the material index (nomenclature modified in order to avoid confusion with the density index I D ), K D is the horizontal stress index, E D is the dilatometer modulus, u 0 (equal to p 1 ) is the hydrostatic pore water pressure, σ′ v0 is the vertical effective stress, p 0 is the pressure applied at start of expansion and p 1 is the pressure applied at end of expansion. Marchetti et al. (2001) suggested that a vertical, drained, constrained modulus (M ) can be estimated from the dilatometer modulus E D using
where R M is a correction factor based on empirical data (Marchetti, 1980) and
. The modulus number m can then be estimated according to Equation 1. By rearranging terms, the following relationship is obtained.
17:
In the case of normally consolidated sand, assuming j = 0·5, the modulus number m is obtained from
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19:
Thus, the modulus number m can be determined by dividing M (in kPa) by 100 (the reference stress, σ r = 100 kPa).
Preconsolidation
A critical aspect in every settlement analysis is the determination of the preconsolidation stress and the OCR. Compaction of soil layers increases horizontal stresses through the application of a large number of hysteretic loading cycles (Duncan and Seed, 1986; Massarsch, 2002) . The compacted sand becomes overconsolidated, which means that the horizontal effective stress also increases. This effect is reflected in the CPT as an increased sleeve resistance f s . A similar effect is measured by the DMT as an increase in the horizontal stress index K D . In the following, two methods for estimating the increase in the OCR due to compaction based on in situ tests are described.
5.1
CPT -sleeve resistance Although some uncertainty exists regarding the accuracy of sleeve resistance measurements, the ratio of sleeve resistance after and before compaction can be considered a reliable indicator of horizontal stress change (Massarsch and Fellenius, 2002; Robertson, 2016) . The sleeve resistance depends on the at-rest earth stress coefficient K 0 , the vertical effective stress σ′ v and the friction angle ϕ′. As the effective overburden stress is essentially unchanged by the compaction, the ratio between the sleeve resistance after and before compaction, f s1 /f s0 , is an indication of the change in horizontal earth stress, assuming free-draining conditions. The ratio of the earth stress after and before compaction, K 01 /K 00 , can be estimated from 20:
where K 00 is the at-rest earth stress coefficient before compaction, K 01 is the at-rest earth stress coefficient after compaction, f s0 is the sleeve resistance before compaction, f s1 is the sleeve resistance after compaction, ϕ′ 0 is the friction angle before compaction and ϕ′ 1 is the friction angle after compaction.
The friction angle increases after compaction, typically by about 5°, which corresponds to a friction angle ratio (tan(ϕ′ 0 )/tan(ϕ′ 1 )) of about 0·85. Thus, Equation 20 can be modified as follows
21:
5.2 DMT -horizontal stress index The dilatometer measures two values of horizontal stress (see Equation 14 ) from which the horizontal stress index K D is calculated. It is difficult at present to estimate the coefficient of earth stress K 0 directly from DMT measurements, especially in granular soils, as stress history plays an important role. However, the ratio of the earth stress after and before compaction, K 01 /K 00 , can be estimated from the ratio of the horizontal stress index after compaction (K D1 ) and before compaction (K D0 ).
22:
K
The DMT can be expected to give more reliable information regarding the changes in horizontal earth stress than the CPT sleeve resistance, as it actually measures stress changes in the horizontal direction.
5.3
Estimation of OCR In natural sand deposits, it can be difficult to determine reliably whether or not a soil is overconsolidated, and if so, by how much. However, as mentioned earlier, in the case of sand fill, the stress conditions prior to compaction can be assumed to be normally consolidated (a conservative assumption). The increase in sleeve resistance then provides information regarding the increase in horizontal stress (Equation 21 ). Relationships between the increase in horizontal effective stress and the OCR have been proposed in the geotechnical literature (e.g. Massarsch and Fellenius, 2014) .
23:
K 1 K 0 ¼ OCR β
Rearranging of terms yields
24:
where K 0 is the at-rest earth stress coefficient for normally consolidated sand, K 1 is the at-rest earth stress coefficient for overconsolidated (compacted) sand and β is an exponent determined from laboratory tests.
Based on calibration chamber tests, Schmertmann (1975) recommended β = 0·42 and Lunne and Christophersen (1983) suggested β = 0·45. Jamiolkowski et al. (1988) proposed a range from 0·38 to 0·44 for medium dense sand. Equation 24 implies that a relatively small increase in the earth stress ratio K 1 /K 0 , say by a factor of 2, results in a significant increase in the OCR, ranging from 4 to 7 (depending on the value of β). The DMT calibration chamber test data reported by Lee et al. (2011) were re-analysed and a close relationship between the change in horizontal stress index K D and OCR was found. Increase in horizontal stress can be estimated from Equation 25 using the normalised horizontal stress index K D,aft /K D,bef and the OCR.
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25:
According to the DMT data reported by Lee et al. (2011) , the exponent 2·1 (1/β) corresponds to a β-exponent of 0·48 (see Equation 24 ). Thus, the empirically determined β-exponent obtained from triaxial tests appears to be just slightly lower than the equivalent exponent derived from compression chamber tests using DMT data.
6. Case history: Damman, Saudi Arabia Marchetti (1980) reported early DMT data from a compaction project in Damman, Saudi Arabia. The case history illustrates how the constrained modulus and the modulus number can be assessed by two different methods (CPT and DMT).
A sand fill was compacted by vibroflotation from the ground surface down to approximately 13 m depth. Compaction treatment was carried out at a triangular grid at 2 m spacing. Only limited information is provided about the compaction procedure. The soil type was medium-fine loose sand (hydraulic fill) including some silty pockets. The groundwater level was assumed at 4 m depth. CPTs were performed prior to compaction only; however, no actual CPT measurements were reported, only that in the upper few metres depth, the cone stress q c ranged from 1 MPa to 5 MPa and was approximately constant (q c ≈ 5 MPa) below that depth.
DMT measurements were carried out both prior to and after compaction (at some distance from the CPTs). The DMT results, as reported by Marchetti (1980) , were digitised and interpreted with the objective of determining the tangent modulus numbers according to the procedure outlined above. DMT measurements were also performed several weeks after compaction (no exact time given) at the centroid of the vibroflotation grid points. Measurements after compaction had to stop at about 8 m depth as the capacity of the pushing rig was reached. Figure 2 shows the material index I DM and the dilatometer modulus E D before and after compaction. The data were digitised from the original reference (Marchetti, 1980) and re-interpreted.
The material index before and after compaction indicated that the fill material consisted of sand with occasional silt layers. The dilatometer modulus before compaction increased from about 10 MPa at 2 m depth to about 35 MPa at 8 m depth. After compaction, E D had increased to between 15 and 65 MPa. Measurements after compaction were only taken to 8 m depth. Figure 3 shows the horizontal stress index K D before and after compaction, as well as the horizontal stress ratio K D,aft /K D,bef .
In the compacted zone, down to 8 m depth, K D increased due to treatment. This is more clearly shown by the horizontal stress ratio K D,aft /K D,bef , which indicates an increase of between 1·5 and 3·0 (with some exceptionally high values close to the ground surface). Obviously, the soil compaction resulted in a marked increase in the horizontal effective stress.
From the change in horizontal stress (K D,aft /K D,bef ) it is possible to estimate, based on Equation 25, the OCR (assumed stress exponent of 2·1). The so-determined OCR is shown in Figure 4 .
Due to the variability of soil layers, the OCR also fluctuated. However, the average OCR after compaction can be estimated to range between 2 and 6. Higher OCR values can be attributed to the existence of layers of lower strength prior to compaction.
The constrained modulus was calculated from the DMT measurements according to the concept outlined above using Equation 16. Subsequently, the modulus number m was calculated for the sand prior to and after compaction, according to Equation 17, assuming j = 0·5 for loose sand and j = 1 for dense sand. The constrained modulus and the modulus number before and after compaction are shown in Figure 5 .
The constrained modulus and the modulus number varied significantly with depth both prior to and after treatment. The modulus number before compaction (ranging between 100 and 400) is in reasonable agreement with the range of m values for loose to medium dense sand (Figure 1 ). However, both the constrained modulus M and the modulus number m after compaction were high, with m between 200 and 1000.
Although no actual CPT data were reported, an attempt was made to estimate the constrained modulus and the modulus before compaction based on the values given by Marchetti (1980) (before compaction q c = 5 MPa and after compaction q c = 10 MPa). The parameters listed in Table 4 were assumed in the interpretation of the q c data. Figure 6 shows the constrained modulus M and the derived modulus number m for the cases prior to and after compaction, according to the assumptions in Table 4 .
While the m values from DMTs and CPTs prior to compaction were found to be in reasonable agreement, this was not the case for the post-compaction m values: m values according to the CPT data are significantly lower than those based on the DMT. The modulus numbers based on the CPT data are in close agreement with the values given in Table 2 and shown in Figure 1 . The modulus number for uncompacted, loose sand varies between 100 and 150, according to Table 2 , which is in reasonable agreement with Figure 6 . Similarly good agreement was obtained for the case after compaction, which, according to Table 2 , should be in the range 250-400. Thus, the modulus numbers obtained from CPTs were in agreement with Janbu's data than the values from DMTs, which were beyond the upper boundary of values given in Figure 1 and Table 2 . However, as the DMT is affected by the increase in horizontal stress, the modulus number derived from the DMT may give a more realistic values of soil compressibitlity.
Conclusions
Settlement is often the primary requirement for vibratory compaction of sand. As a first step, it is important to determine the settlement of untreated soil in order to establish whetherand to what degree -compaction will be required.
The tangent modulus concept is the preferred method of settlement analysis as it is a transparent approach that allows adjustment of settlement calculations to soil type, allowing the assumption of non-linear modulus and overconsolidation stress changes. The tangent modulus method can be used for settlement analyses in all soil types because it takes into account the stress dependency of the soil modulus.
A reason for the limited application of the tangent modulus method on compaction projects is the uncertainty of choosing appropriate values of the modulus number prior to and after compaction. An important input parameter for settlement analysis is the selection of the modulus number m.
Recommended values of the modulus number for silt and sand were proposed by Janbu (1985) for normally consolidated soils with j = 0·5 (see Figure 1) . The upper range of values can also be considered relevant for compacted (overconsolidated) sand and silt.
A method for estimating the modulus number, based on the CPT, has been outlined. This method can be used for preand post-compaction conditions and is based on the stressadjusted cone stress q cM . Using in situ tests has the advantage of determining the soil modulus based on actual field measurements -in particular, changes in soil conditions between before and after compaction.
An alternative method of determining the constrained modulus M is based on DMT results. The constrained modulus M (which is derived from E D ) involves a correction factor (R M ) that needs to take into account the changes in effective stress K D .
The preconsolidation effect due to compaction can be estimated based on the increase in horizontal stress (Equations 23 and 24). A stress exponent of β = 0·48, verified by calibration chamber tests using DMT, was found to be in agreement with previously suggested values.
A case history where CPT (before compaction) and DMT (before and after compaction) data were available was presented. The concept of estimating the modulus number and the OCR was illustrated using CPT and DMT results.
The DMT data showed a marked increase in the horizontal stress index K D . The OCR was determined based on the ratio of the horizontal stress index. The average increase in OCR varied but was, on average, between 2 and 6.
The modulus number was estimated from CPT and DMT data. The agreement between empirical values of m and the Table 4 ). Note that the same scale was chosen as in Figure 4 to facilitate comparison of data
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In situ tests for settlement design of compacted sand Massarsch and Fellenius values derived from the CPT was found to be good. This approach will provide settlement estimates on the conservative side. The modulus number calculated from the DMT constrained modulus was at the upper limit of the empirical values. This is an important observation for the cases of compacted sand and silt, as the presently available data (Janbu, 1985) were obtained for normally consolidated soils. In compacted (overconsolidated) soils, the modulus number can be higher, as indicated in Table 1 by the unloading ratio m u /m in the range 3·0-7·5. Thus, DMTs could provide more economical settlement estimates for compacted sand. However, further studies are warranted to verify that the modulus numbers determined by the DMT can be applied in practice.
